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ABSTRACT

A dudy has been conducted to understand the behavior of the stress-dependent
porogty and permesbility of fifty Saudi Arabian reservoir rock samples Haf of the
samples were sandgtones, the other haf limestones. The range of confining pressure was
0-82 MPa Nine dmultaneous measurements of porogty and permesbility were taken in
this range during loading, and four messurements during unloading, to edimae the
anount of hyderess. The pressure pulse decay technique was used to measure
permeshility for very tight ssndstone sampless.

Fundamentd  differences in  the dressdependent porodty and  permesbility
behavior of sanddone and limedone were observed. In generd, both porosty and
permesbility decreased with increesing dress. The porosty-pressure curve for sandstones
was convex from upward, and for limesone convex from downwards. Smple andyticd
expressons were found to describe the porodty-, and permesbility vs.  pressure
dependencies.

In mogt of the sandsone samples the loss in porosty and permesbility was
reganed during the downloading cyde, i.e there was no gpprecisble hyderess. This
could be due to the fact that the pores were compressible and regained their origind dSate
after removing the pressure However for limestone samples the hydteress was
gppreciable because the pores were of incompressble or mixed type Some limestone
samples, which were charecterized by high porosty and permesbility, showed a shap
drop both in porodty and permeghbility a aout 70 MPa confining pressure. This sharp
decrease was nhot regained during downloading, because of a possible pore collgpse.

INTRODUCTION

Hydrocarbon reservoirs can be regarded as complex interacting systems of rock,
oll, waer and gas permitting the sorage and flow of hydrocarbon fluids A typicd
reservoir formaion condds of a porous rock mass with varying amount of oil, gas ad
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formation brine occupying the pore spaces. Resarvoir rocks are subjected to in-Stu
dresses aising from the combined effects of overburden pressures which is exerted by the
weight of overlying rocks, tectonic dresses that are generated by large-scde movements in
the Eath’s crust, and pore pressure that is exerted by the fluids present in the rock pores.
On the basis of their mode of action, these stresses can be further decamposed into two
pats externd dress and internd pressure. Further, effective stress which represents the
dress carried by the rigid rock skeleton, is defined as the agebraic difference between the
externd dress and internd pressure. Biot's condart is assumed to be one for these rocks
samples. When effective dress is compressve its action atempts to bring about a
reduction in the volume of the rock. The pore pressure acts to reduce the effective stress,
thereby providing internd support to the rock skdeton that resigts the “crushing” effect of
the effective dress. As reservoirs get depleted during production the pore pressure
decreases. This causes an increase in effective stress which leads to a reduction of pore
volume. This reduction affects the porogity and permegbility of a Sress-sengtive reservoir.

As hydrocarbon reservoirs are found a grester depths, understanding dress-
dependent  permesbility becomes essentid. Under large draw-down, reduced permeshility
can lower the production fran a dresssendtive reservoir. Understanding of  dress-
dependent porogty is ussful in edimating the remaning reserves of hydrocarbons in a
producing sress-sengtive reservoir.

Jones (1988) presented empiricd equations that fit permegbility and porosity deta
versus confining pressure. Each of these equations has four adjusteble parameters. He dso
presented a way to edimate the porodty and permesbility a any pressure of interest
between 0 — 10,000 ps by meking only two messurements This is made possble by
presetting two of the four adjustable parameters.

Luffd et d. (1991) deived an empiricd reaionship between core permesbility
and porodty a reservoir dress. Porodty and permesbility were measured a ambient
conditions and a resavoir dress for a lage number of core samples form Travis pesk
tight sanddone gas resarvoir. It was conduded that corrdations are improved when
gpplied to specific environmenta rock types.

Davies and Holditch (1998) identified the man factor controlling stress-dependent
permesbility as pore geometry, in paticular, the Sze and shape of the pore throat. They
suggested an indirect way of edimating permegbility in-gtu, with the hdp of wirdine
logs The logs would idertify the rock type and usng the corrdaions between porosty
and permedbility devdoped for different rock types the in-dtu permeshbility can be
esimated.

Davies and Davies (1999) consdered pore geometry as a fundamentd control on
stress-dependent  permesbiility  in - unconsolidated and  consolidated  sandstone  reservoirs.
They dso dated that in unconsolidated sand reservoirs, the greatest permesbiility reduction
with dress occurs in the sands with the highest vaues of porodty and permesbility. In
cemented sandstone resarvoirs, the opposte is the cass mogt of the reduction in



permesbility occurs in sandgones with the lowest vaues of porodty and permeghility.
This difference in the behavior between unconsolidated and consolidated reservoir sands is
controlled by pore geometry. They dso presented a resarvoir Smulaion  sudy
incorporating the dress dependency of permesbility, and indicated that it can have a
sgnificant effect on the performance of an individud well aswell as the reservoir.

It is essentid to understand the Stressdependent porosty and permesbility for
rdiadble modding of the resavoir during production, particulaly for dress-sendtive
reservoirs during large drawvdowns. This underganding will ad in economic and judicious
recovery of hydrocarbons and in forecasting the remaning resarves a any point of
production life. Mogt of the literature (Luffd, 1991; Davies and Holditch, 1998; Davies
and Davies 1999) are devoted to finding a reaionship between porosty and permesbility
a in-gtu conditions only. The canfining pressure for the reservoir condition is evaduaed
as overburden pressure minus the pore pressure @ the point of abandoning the reservoir.
The corrdation between porodty and permesbility determined this way is vdid only a
one effective stress representative of the fag end of life of the reservoir. Consequently, the
corrdlation is not ussful to predict the porodty and permesbility changes occurring during
production. Moreover, it is noticed that, in the literature mgority of the work is done for
sandstone. Very few atempts have been made to understand the stress-dependent porosty
and permegbility behavior of limestone reservoirs.

In the present dudy, Stress-dependent porodty and permesbility of fifty Saudi
Arabian reservoir core samples in the confining pressure range of 0-82 MPa were
messured. The suite of fifty samples comprised of equa number of sandstone and
limestone resarvoir rocks. Fundamenta differences in the dress-dependent porosty and
permesbility behavior of sanddone and limestone samples were observed. The differences
could be due to the different types of pores present in sandstones and limestones. Smple
andyticd expressons were obtained to describe the porodty-, and permesbility versus
pressure  dependencies. Corrdations between the different parameters of the curve fits
were a0 established.

EXPERIMENTAL PROCEDURE

All messurements were peformed on cylindrica sheped rock samples of 1.5 in
dianger and 1.0 in length. The samples were cleaned using toluene and dcohol in Soxhiet
type extractor and then dried in a vacuum oven.

M easurement of Porosity and Permeability

The porosty and permesbility of the rock samples were measured Smultaneoudy
a every gep of the pressure cyde. A combined porosity and permesbility measurement
goparaius was asembled for this purpose (Abdulraheem e d., 1999). The porosty was
messured usng the Helium gas expanson method. The permesbility was measured either
by the deady Sate method or by the pressure pulse decay technique (Figure 1) for very
tight samples As mentioned earlier, the range of confining pressure was 0-82 MPa The



pore pressure during porosty and permesbility messurements is negligible compared to
the extendly gpplied hydrodatic confining pressure. Nine Smultaneous messurements of
porodty and permeghbility in this range during loading and four messurements during
unloading were made. Enough time was given a every pressure step for the dress to
equilibrate and the corresponding drains to fully develop. It is to be noted that only one
method of measuring permesbility is used for dl the pressure steps during a loading and
unloading cycde Pressure pulse method is used only for a smdl number of sandstone
sampleswith initid permegbility lessthan 0.1 md a 4.12 MPa confining pressure.

The procedure and theory for measuring the porogity by ges expanson method and
permeebility by <Seedy date method can be found in the Standard text (Tiab and
Donddson, 1996). A brief review of deleminaion of permesbility by pressure pulse

decay method is provided below.
Pressur e Pulse Decay M ethod

The schemdtic diagram showing the experimenta setup of the trandent pressure
pulse decay method is shown in Figure 1. The procedure can be described in the following

points.

The sysem condgting of the core holder and the upper and lower reservairs is brought
to a certain pressure cdled the system pressure.

The upper resarvoir is isolated and its pressure is incressed by about 2-3% of the
system pressure.

The pressure pulse is mede to flow through the rock specimen and its decay with
respect to time is recorded by the data acquisition sysem. The pressure decay deta can
be used to determine the permesbility of the rock specimen.

The reader is referred to Hseh et d. (1980) fa the theory of the pressure pulse decay
method. For faster pulse-decay permesbility messurement in tight rocks, a laboratory
technique devel oped by Jones (1994) can dso be used.

RESULTS AND DISCUSS ON

The f - P (porosity vs. pressure) and k — P (permesbility vs pressure) behavior of
the samples ae very gmilar because of good corrdation between porosty and
permegbility. We find didinctly differet porodty-, and permesbility- versus pressure
dependencies for sandstones (Figures 2 and 3), and for limestones (Figures 3 and 4). The f
- P ad k — P curves for sasndsone samples are convex from upwards, and can be
expresed andyticdly as

f(P)="f1+f2exp(-aP), @

k(P) = ky + ko exp(-bP), @



where f (P) and k(P) ae the porodty and the permegbility, respectivdly, a a given
confining pressure P, f1 and ki ae minimum porosty and permesbility vaues a confining
pressure gpproaching infinity. The congants f, and k, and the exponents a and b are
obtained by nonlinear leest sguares data fitting by the GaussNewton dgorithm with
LevenbergMarquardt modifications for globd convergence. This is implemented in
MATLAB using the NLINFIT subroutine. The range of r2-coefficients obtained far the
leest squares data fitting is given in Table 1. It is found that the exponents are in the range
0008 < a <0042 and 001 < b < 0.14 for the sandstone samples. All these samples are
classfied as quatzwacke with compressble pores The porosty and permesbility a zero
confining pressure can be calculated as:

fOQ=f+f,, kQ=ky+ks . 3,9
Smilarly, the porogity and permesbility at infinite confining pressure can be cdculaed as
f(¢)=f1, k(¥)=ku. 5,6

Mgority of the limestone samples have f - P and k — P curves convex from
downwards. Andyticaly Equations (1) and (2) can describe this behavior too, but the only
difference is tha the congants f, and k., and the exponents a and b will be negaive. The
porosty and permeebility & zero confining pressure for limestone samples beonging to
this group can be cdculaed usng Equaions (3) and (4). However, it is obvious that
Equations (1) and (2), with negdive f,, ky a and b, do not hae a limiting vdue a
confining pressure gpproaching to infinity. It can be agued that this behavior of the
limestone samples is trandtory and that a higher confining pressures the grains in the
limestone samples would rearrange to give a behavior Smilar to the one obsarved in
sandgone samples & high confining pressure. The pores are predominantly incompressible
in the range of 0 — 70 MPa. Hence it is obsarved that there is very little decrease in
porosty and permegbility till about 70 MPa However, a higher pressures (> 70 MPa)
there is a sharp decrease indicaing pressures in excess of the yidd point of the rock. A
possble pore collgpse of some brittle pores would have occurred. These samples are
characterized by high porosty and permegbility (> 100 md). Many of them are identified
as graingones in the range of 500 md.

The remaning limestone samples have a convex from upwards behavior both for
the f - P and k — P curves and ae chaacterized by smdl vadues of porosty and
permesbility. They ae predominantly packsones with a combinaion of compressble and
incompressible pores.

For some samplesthe f - P (and k — P) curves are irregular. For sandstones this
occurs in the presence of fractures or if the pores are clogged by clay; in limestones the
coxigence of different types of porogties (intergranular, intragranular, vugular) might
result in an irregular f - P reaion. The porosty-permeghility plot showed a power-law



rdationship for dl samples The exponent in the k~f" lawv was found smoothly changing
with pressure, and has a possble connection with the fractal dimension D of the rock’s
pore space (Korvin et. d.).

In Fgure 6, the porodties obtaned from Equation (3) ae plotted agang
permesbilities from Equeation (4). At zero confining pressure, the permesbility increases
with porodty. In Figure 7, the permesbility exponent b (see Equation (2)) is plotted
agang porosity a zero confining pressure. It is observed that exponent b decreases with
increesing porodty both for sanddone and limesone samples In Fgure 8, the porogty
exponent a (See Equetion (1)) is plotted aganst permesbility a zero confining pressure. It
is seen that exponent a decreases with increesing permesbility. The corrdation between a
and k is not as good as thet observed between b and f .

The ratio of permesbility decline with increesng confining pressure is known to be
highly varigble (Jones, 1988, Jones and Owens 1980; We & d., 1986). Permesbility
vaues a initid (k) and fina ;) conditions are incorporated into a term that describes the
amount of permestility retained (Kg):

Ka = ke/ ki ()
Smilarly the amount of porogty retained (f o ) can be defined as

fa=felfi ©
wheref risthefind and f i istheinitid porogty.

Figure 9 shows porogty retained a 82 MPa versus initid porosty a 4.12 MPa for
sandsone and limestone samples. A generd trend of higher retained porosty for more
porous samples is evident from the figure for sandstone samples Figure 10 dows
permesbility retained a 82 MPa versus initid permesbility a 4.12 MPa for sandstone
samples. As obsarved for porosty, the less the permesbility of the sample the higher the
permegbility loss (Davies and Holditch, 1998, Davies and Davies, 1999). Three disinct
groups of sanddone samples can be identified from figure 10. The samples having initid
pemegbility < 01 md have the maximum loss of permegbility. They have minimum
retained permesgbility of about 0.1, implying a loss of 90 to 99.9% permeshility during the
uploading pressure cycle These samples are grouped as those bdonging to Rock Type |.
In the second didinct group of sandstone samples (Rock Type [I) with the initid
permesbility ranging from 0.1 to 10 md, the retained permeghility varies between 0.1 and
05 indicating a permesbility loss of 50 to 90%. The third group of sandstone samples
(Rock Type Ill) have higher initid permesbiliies (> 10 md). These samples undergo a
minimum loss of permesbility (~ 30 %) for the given pressure range. In the literature
(Davies and Davies, 1999) these different rock types are shown to have different pore
geometries.



Figure 9 dso shows retaned porodty versus initid porosty a 4.12 MPa for
limestone samples. It is observed that the trend is different from the case of sandstones.
There is a criticd porodty (~ 15 %) which divides the limestone samples into two groups,
eech having didinct behavior. Samples having initid porosties less then critica porosty
show that the lessr the initid porosty, the larger the porodty loss, wheress samples
having initid porogdties larger than critical porodty behave in the oppodte way, ie, the
larger the initid porodty, the lager the porosty loss Fgure 10 shows retained
permesbility a 82 MPa versus initid permeghbility a 412 MPa for the same limestone
sanples. The presence of a criticd permesbility vadue is observed in this figure dso.
Samples having initid permesbility less than the criticd permesgbility have dmogt condant
loss of pemesdhility (~ 15 — 25 %). Samples having larger than criticd permesbility are
divided into two diginct duges a shown in FHgure 10. Cluster | has retaned
permesbility in the range of 0.5 — 0.75 and for clugter |l the range is 0.05 and 0.3. Cluder |
comprises of packsones with predominantly compressble pores. Cluger [l which has
vay high pemedility samples (some ~ 500 md) comprisess of grandones with
predominantly incompressble pores. If the pores are incompressble it is expected that a
gregter portion of the initid permeebility would be retained, but this duder shows very
low vaues of pemesbility retained. It is posshble that some pores have collgpsed in these
rocks resulting in a permeability loss much greater than that of cluster 1.

CONCLUSIONS

Stress-dependent  porogty and permesbility behavior of a suite of Saudi Arabian
reservoir core samples were sudied. Haf of the core samples were sandstones and the
other hdf limestones. In generd the porosty and the permesbility decreased exponentially
with an increese in confining pressure. Smple andyticd expressions for this behavior
have been found using nonlinear leest square regresson fit. For mgority of the limestone
samples the dress-dependent behavior is different from that of the sandstones. The
andyticd expressons used to modd this behavior are smilar in form to the ones usad for
sandgones but with oppodte Sgns The coeffidents of porosty and  permesbility
expressons found using nonlinear leest square regression fit show good corrdation. It is
observed that the exponents a and b decrease with permeghility and porosity, respectively.

For sandgone samples the maximum loss of permesbility and porosty occurs for
samples with the leest amount of initid permesbility and porosty, respectivdly. An
interesting fact was noticed in the case of limestone samples. The retained porosty
increesed, i.e, the loss of porodty decreased with increese in initid porosty up to a
criticd initid porosity, after which the loss of porosity increased with initid porosty.
Limestone samples with initid permesbilities less than criticd exhibited dmost amilar
loss of permesbility. Limestone samples having greaier than critical permesbility could be
divided into two didinct groups. In the second group where the retained permeshility is
veay low, possble pore collgpse is expected. Hence the retained permesbility versus initia
permeebility plot could indicate the presence of pore collgpse in core samples.
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NOMENCLATURE
P Hydrogtatic Confining Pressure
f Porosity

fi Initid Porogity

fr Find Porogty

fq Porosity Retained (fraction)

fi1 Minimum Porogty &t very high Confining Pressure
k Permesbility

ki Initid Permeghility

ks Fina Permesbility

Kqg Permeshility Retained (fraction)

k1 Minimum Permegbility & very high Confining Pressure
a Porosity Exponent

b Permeebility Exponent

Table1: Therange of r? coefficients for least squares data fitting of Equations 1 and 2 for
the sandstone and limestone samples

r-coefficient
Lithology Porogity (Equation 1) Permesbility (Equation 2)
Minmum | Maximum Minimum Maximum

Sandstone 0.9291 0.9992 0.9827 0.9995

Limestone 0.9060 0.9981 08727 0.9977
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Figure 1: Schematic of the pressure pulse decay method for measuring permesbility.
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